Evidence from in vitro and in vivo studies showed that in Rhizobium phaseoli ammonium is assimilated by the glutamine synthetase (GS)-glutamate synthase NADPH pathway. No glutamate dehydrogenase activity was detected. R. phaseoli has two GS enzymes, as do other rhizobia. The two GS activities are regulated on the basis of the requirement for low (GSI) or high (GSII) ammonium assimilation. When the 2-oxoglutarate/glutamine ratio decreases, GSI is adenylylated. When GSI is inactivated, GSII is induced. However, induction of GSH activity varied depending on the rate of change of this ratio. GSII was inactivated after the addition of high ammonium concentrations, when the 2-oxoglutarate/glutamine ratio decreased rapidly. Ammonium inactivation resulted in alteration of the catalytic and physical properties of GSII. GSII inactivation was not relieved by shifting of the cultures to glutamate. After GSH inactivation, ammonium was excreted into the medium. Glutamate synthase activity was inhibited by some organic acids and repressed when cells were grown with glutamate as the nitrogen source.
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It is generally accepted that ammonium assimilation in rhizobia proceeds mainly through the glutamine synthetase (GS)-glutamate synthase (GOGAT) pathway (6, 13, 15, (19) (20) (21) . However, in contrast with other bacteria, rhizobium contains two forms of GS, and this presents additional complexity in the study of ammonium assimilation. The GSI enzyme is similar to the enzymes found in other gramnegative bacteria in regard to its monomeric and oligomeric structure, postranslational regulation, and amino acid sequence (5, 6, 25) . The GSII enzyme has a lower molecular weight and is heat labile (6, 7, 10, 16) . Recently, in Bradyrhizobium japonicum, the gene coding for GSII was cloned, the enzyme was purified, and it was found that its amino acid sequence more closely resembles that of plant GS than that of bacterial GS (4) . The function of the two GS forms from rhizobia in the free-living state and during symbiosis remains controversial, since there are several reports about the regulation of GS in rhizobia, without distinction between the two GS activities (13, 15, 19, 20, 27) .
Other studies by Darrow (6) and Ludwig (16) showed that ammonium has a strong negative modulation effect on GSII and a minor effect on GSI. GSI from free-living rhizobia (6, 16) and bacteroids (3) was mainly regulated by adenylylation. However, Howitt et al. (11) reported that, although GSII was severely repressed when rhizobia were grown on ammonium, GSI had the same biosynthetic activity, regardless of the adenylylation state of the enzyme (11) .
Glutamine auxothrophs have been isolated in Rhizobium cowpea 32H1 and R. meliloti (13, 16) , but the number of mutations responsible for these phenotypes remains uncertain.
Carlson et al. (5) and Somerville and Kahn (25) have isolated the GSI genes from B. japonicum and R. meliloti, respectively. The GSI gene of B. japonicum was constitutively transcribed in different nitrogen conditions (5) . The R. meliloti GSI gene has been interrupted in vitro and used to replace the normal GSI sequence in R. meliloti (25) . It was found that, in this mutant strain, GSII can support growth on * Corresponding author. minimal medium with NH4Cl as the nitrogen source. Moreover, this mutant strain was unaffected in its nodulation and nitrogen fixation of Medicago sativa (25) .
To establish the operation and function of the enzymes that assimilate ammonium in R. phaseoli, it is necessary to correlate the activities found in vitro with in vivo experiments and learn how the enzymes are regulated.
We studied for the first time how ammonium is assimilated in the free-living state in R. phaseoli. We show here which enzymes participate in vivo in this process, how they are regulated, and that GSII has a function different from that of GSI.
MATERIALS AND METHODS Strain. The R. phaseoli wild-type strain CFN42 was used in this study (22) .
Growth conditions. Batch cultures of R. phaseoli were grown at 30°C and shaken at 175 rpm. For growth on minimal medium (MM; 2), cells previously grown overnight on a rich medium (PY) containing 0.5% peptone, 0.3% yeast extract, and 0.07 M CaCl2 were washed twice and used as an inoculum after being diluted 25-fold and adjusted to an optical density of 0.05 at 540 nm. The nitrogen and carbon sources in MM were used at 10 mM. Growth was monitored by measurement of the optical density at 540 nm and by protein determination by the Lowry method.
Determination of GOGAT activity. Cell extracts were prepared by grinding whole cells in 0.1 M KC1-0.5% 2-mercaptoethanol (pH 7.6) with a Braun homogenizer and 0.1-mm (diameter) glass beads. Extracts were desalted by being passed through a Sephadex G25 column (1 by 10 cm) which was equilibrated and eluted with the extraction solution. The voided volume fractions, which contained the protein peak, were pooled and used as the enzyme source. GOGAT activity was detected by measuring the oxidation of NADPH at 340 nm. The activity was measured in a 1-ml reaction mixture containing 50 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid), 1% 2-mercaptoethanol (pH 8.5), 3.65 mM glutamine, 3 mM 2-oxoglutarate, 0.2 mM NADPH, and 0.1 ml of cell extract. Specific activity Determination of GS activity. GSI and GSII activities were assayed with whole cells or cell extracts. Whole cells were prepared by suspension in 10 mM imidazole hydrochloride-1.0 mM MnCl2 (pH 7.0) and permeabilized with 0.1 mg of cetyltrimethylammonium bromide per ml. Cell extracts were prepared by grinding whole cells as described above, in 10 mM imidazole hydrochloride-0.5 mM EDTA (pH 7.0).
GS was measured by its transferase and synthetase activities as described by Bender et al. (1) . Specific activities were expressed as units per milligram of protein; 1 U represents 1 nmol of -y-glutamyl hydroxamate produced per min. The two GS activities were distinguished by their different heat stabilities for 1 h at 50°C (7) and their different sedimentations on sucrose density gradients as described below. The adenylylation state of GSI was determined by calculation of the ratio of transferase activities measured in the presence and absence of added Mg2' as described by Shapiro and Stadtman (24) .
Sucrose gradient sedimentation. Cell extracts were layered over a 5 to 20% continuous sucrose gradient and centrifuged for 3 h in an SW55 rotor at 240,000 x g in a Beckman ultracentrifuge as previously described (6) . After centrifugation, fractions were collected from the top of the tube, and GS transferase and synthetase activities were determined in each fraction. GSI and GSII were identified by heating for 1 h at 500C.
Metabolite determination. Cell samples for amino acid analysis were suspended in 80% ethanol, boiled for 10 min, and disrupted as described above. Cell debris was removed by filtration with 0.22-,um (pore size) Millipore membrane filters. The filtrates containing the free amino acids were lyophilized and separated with an Aminco amino acid analyzer as previously described (12).
2-Oxoglutarate was extracted by suspension of the cells in 1 ml of cold 0.3 N HCl04-1 mM EDTA and neutralization to pH 7.0 with 0.1 ml of 1 M K2HPO4-0.1 ml of 10 M KOH. 2-Oxoglutarate was determined in the clear supernatant obtained after centrifugation by measurement of the initial rate of optical density change at 340 nm with 1:40 diluted bovine glutamate dehydrogenase (GDH) as previously described (26) .
Samples of the medium were collected, and ammonium was measured with an Orion (Cambridge, Mass.) electrode as previously reported (8) .
RESULTS
Growth and ammonium assimilation enzymes. The activities of GSI, GSII, and GOGAT were measured in R. phaseoli grown on PY or MM. All of the cell nitrogen incorporated on MM (succinate plus NH4Cl) comes from ammonium assimilation, in contrast to what occurs on PY. The enzyme activities found in each medium are presented in Table 1 . GSI biosynthetic activity was present on PY and almost absent on MM. In contrast, GSII was present on MM and was not detected on PY medium. GOGAT activity was higher on MM than on PY, and no GDH activity was detected even in 100-fold-concentrated cell extracts with six different extraction buffers in cells grown on different carbon and nitrogen sources.
GOGAT activity required NADPH as a cofactor. Azaserine or L-methionine sulfone inhibited all GOGAT activity in vitro (3a) . As reported for GSII from other rhizobia, this enzyme is thermolabile (7, 10, 16) and was inhibited by methionine sulfoximine (data not shown).
R. phaseoli growth inhibition by 5 mM L-methionine sulfone and its reversal by added glutamate indicate that GS-GOGAT is the only pathway for ammonium assimilation in this organism.
The time courses of GSI and GSII activities were monitored on MM with glutamate as the nitrogen source, with which R. phaseoli grew with a 3-h doubling time similar to that obtained with ammonium (Fig. 1A) . GSI adenylylation increased during exponential growth (Fig. 1A ) and, as a consequence, the biosynthetic activity of this enzyme was very low after 12 h of growth (Fig. 1B) ; however, the transferase activity was high and constant (Fig. 1C) . In contrast, GSII transferase and synthetase activities increased from nondetectable to very high levels during exponential growth and started decreasing, before reaching the stationary phase, to undetectable values after 24 h of incubation ( Fig. 1B and C) . This regulatory pattern of GS was also observed in four other strains of R. phaseoli (data not shown).
We also found that these different activities of GSI and GSII during growth on MM correspond to the peak sizes expected for GSI and GSII when they are sedimented in sucrose gradients. The larger GSI sedimented faster than the smaller GSII. (Fig. 2A) .
GS and GOGAT activities under different nitrogen conditions. Transferase and synthetase GSII activities in MM depend on the nitrogen source present in the medium ( Table  2 ). The highest levels of GSII activity were found in cells (Table 2) GSI and GSII activities varied during growth on MM, and a coffelation was established with the' 2-oxoglutaraite and glutamine contents. 2-Oxoglutarate was highe'r in PY and decreased to-different levels in MM with diifferent nitrogen sources. 2-Oxoglutarate decreased to very low levels after cells were transferred from PY to ammonium or glutamine (Fig. 3A) , in which low GSII activity was found (Table 2) .
However, this organic acid decrea'sed slowly a'nd only' by half after transfer to nitrate or glutamate (Fig.' 3B) , in which GSII reached very high levels ( Table 2) . As ex''ected, glutamine varied in the opposite way, since it increased severalfold during the first hours in ammonium or glutamine cultures (Fig. 3A) and rose slightly in nitrate and glutamate (Fig. 3B) . O)n the other hand, GSI decreased from PY to MM (glutamate) (Fig. 1B) ; this coincided with a reduction in 2-oxoglutarate (Fig. 3B) .
It has been reported that GSII activity decreases after addition of ammonium in several Rhizobium sp. strains (4, 6, 11, 16) . We tested the effect of ammonium addition to a culture during the exponential phase of growth with glutamate as the nitrogen source, in which GSII activity is very high. Transferase and synthetase GSII activities decrease 50% 2 h after ammonium addition and became undetectable 4 h later (Fig. 4A) . Since the doubling time in this condition is close to 3 h, GSII activity was lost at a rate greater than expected from dilution of the previously accumulated enzyme. Also, the loss of GSII activity after ammonium shock corresponded to the residual amount of GS found after sedimentation on sucrose gradients (Fig. 2B ). This effect of ammonium shock was not relieved by shifting the culture to glutamate (Fig. 4B) . When glutamine was added to the glutamate-grown cultures, GSII activity was also decreased; however, full activity was regained when the cultures were shifted again to glutamate (Fig. 4C) . As expected, ammonium addition caused a rapid increase in the level of glutamine and a corresponding decrease in 2-oxoglutarate content (Fig. 3C) .
After ammonium shock, GSI biosynthetic activity became undetectable (data not shown) and the GSII presented physical and catalytic properties different from those of GSII before ammonium shock. The apparent Km for glutamate increased from 4 to 100 mM, and the enzyme became more thermolabile at 50°C, since its half-life decreased from 7 to 3 min. Inactivation of GSII activity in R. phaseoli after ammonium or glutamine addition and recovery of this activity after transfer of cells to derepression medium. Cells were grown for 10 h on MM with glutamate as the nitrogen source. At time zero, the culture was divided, and one half was ammonium shocked and the other was glutamine shocked. Samples were harvested for the following 2 h, and GSII activity ( ) was determined. At 2 h after ammonium or glutamine addition, both cultures were transferred to derepression medium (glutamate), and samples were withdrawn for the following 6 h to determine GSII activity (---). GSII activity was determined by synthetase (0) and transferase (0) assay. Panels: A, ammonium-shocked culture; B, ammonium-shocked culture transferred to glutamate medium; C, glutamine-shocked culture transferred to glutamate medium. ammonium into the medium (Table 3 ). This must be the result of amino acid catabolism and the inability of cells to reassimilate ammonium because of loss of GS activities (Fig.  1B and C) . Ammonium excretion was higher on glutamine, histidine, or arginine than on glutamate or proline (Table 3) . Ammonium was also excreted on glutamate with longer incubation times (data not shown).
GOGAT activity increased during exponential growth on MM with NH4Cl, KNO3, or glutamine as a nitrogen source and remained high and constant during 24 h of growth. In contrast, when the culture was grown with glutamate as the nitrogen source, GOGAT activity decreased (Table 2) .
We also found that this activity was fourfold higher with succinate than with glucose or fructose as the carbon source (Table 4) . Some metabolites derived from glucose or fructose catabolism must inhibit GOGAT activity, since almost a fourfold increase was observed after dialysis of cell extracts from glucose or fructose cultures; however, only a minor increase (1.2-fold) was found after dialysis of extracts from succinate-grown cells (Table 4 ). The inhibitory effect of the carbon source could probably be exerted by 2-oxoacids such as glyoxylate and citrate, since these compounds inhibited 50% of the in vitro GOGAT activity when present at 25 mM (Table 4) . DISCUSSION We identified the GS-GOGAT (NADPH) pathway operating in R. phaseoli growing on PY or MM with one carbon and one nitrogen source.
We found that the GSI and GSII enzymes are regulated in a reciprocal manner. In complex medium, GSI was the only GS present; however, on MM supplemented with succinate and NH4C1 or other nitrogen sources, GSI activity was lost and GSII was induced. The presence of specific GS with high or low activity was selected in accordance with the different requirements to synthesize glutamine on MM or PY ( Table  1) .
The nitrogen source regulated GSII activity; GSII was repressed with ammonium and glutamine and derepressed with glutamate and nitrate as nitrogen sources (Table 2) . GSI activity was deadenylylated on PY (Fig. 1A) and during ammonium limitation (data not shown), under both of which conditions the 2-oxoglutarate/glutamine ratio was rather high. A decrease in the ratio coincided with an increase in adenylylation, low GSI biosynthetic activity, and appearance of GSII activity. However, only a slow decrease in the 2-oxoglutarate/glutamine ratio led to high GSII activity, since when the ratio decreased rapidly low GSII activity was found ( Fig. 3A and B ; Table 2 ). This relation was also observed after addition of ammonium to glutamate-grown cultures, in which a change in the physical and catalytic properties of GSII coincided with loss of its biosynthetic and transferase activities (Fig. 4A ) and a rapid decrease in the 2-oxoglutarate/glutamine ratio (Fig. 3C) . However, a difference exists between the effects of ammonium and glutamine on GSII inactivation. GSII activity was lost after glutamine addition and could be regained when the culture was shifted to glutamate (Fig. 4C) ; this did not happen after ammonium addition (Fig. 4B) .
These data indicate that GSI is regulated on the basis of the kinetics and amount of carbon skeletons such as 2- oxoglutarate and nitrogen metabolites such as glutamine. This regulation is similar to that found in Escherichia coli (28 Reflecting the different ammonium assimilatory requirements, GOGAT activity was higher in MM than in PY. GOGAT regulation was achieved by glutamate repression (Table 2) and enzyme inhibition by organic acids (Table 4) , as reported for other microorganisms (17, 18) .
As previously reported, the R. meliloti GSI gene hybridized with the E. coli GS gene (25) . Similar observations were found for R. phaseoli GSI. Furthermore, a GSII DNA probe of B. japonicum (4) hybridized in Southern blot analysis with total R. phaseoli DNA, giving two bands when cut with EcoRI (unpublished data). Finally, specific DNA probes for GDH (NADPH) (23) and GOGAT (NADPH) (14) from E. coli did not hybridized with total DNA from R. phaseoli (unpublished data). Some homology between the GOGAT genes from R. phaseoli and E. coli may be expected, since the enzymes have similar activities and the same cofactor. However, no DNA homology for GDH was expected to be found in R. phaseoli, since no GDH activity was detected.
There is evidence indicating that the presence of active GDH is incompatible with N2 fixation by R. meliloti during symbiosis (21) . We found that, when the E. coli gdhA gene was introduced into R. phaseoli, plants were preferentially nodulated by cells which lost the plasmid that harbors the gdhA gene. This suggests that effective nodulation is impaired if ammonium is assimilated by GDH (3a) .
